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We have studied the CP violation discovery reach in neutrino oscillation experiment with superbeam in presence of non-standard interactions of neutrinos with matter for both short and long baselines. For the most important channel of oscillation (νµ → νe) for CP violation discovery there is significant effect in the oscillation probability particularly due to NSIs' εeµ and εeτ for longer baseline and higher energy in comparison to other NSIs'. Interestingly for these two NSIs' (for real and higher allowed values) there is possibility of better discovery reach of CP violation than that with only Standard Model interactions of neutrinos with matter provided that NSI values are known. For complex NSIs' we have shown the CP violation discovery reach in the plane of Dirac phase δ and NSI phase φij. Our analysis indicates that for some values of some NSI phases total CP violation may not be observable for any values of δ.
I. INTRODUCTION
Among the various neutrino oscillation parameters the values of two mixing angles θ 12 and θ 23 have been provided by experiments with certain accuracy. The magnitude of the mass squared differences |∆m 2 31 | and ∆m 2 21 are also known but the sign of ∆m 2 31 is still unknown i.e. we still do not know exactly if neutrino masses follow normal hierarchy (NH) or inverted hierarchy (IH). Apart from that we also do not know about the CP violating phase δ. Earlier, the third mixing angle θ 13 was not known accurately except its upper bound but recently the Double Chooz experiment [1] , Daya Bay experiment [2] , MINOS [3] and RENO [4] experiments have found non-zero value of sin 2 2θ 13 at about 5σ confidence level. The non-zero value of θ 13 is required for the existence of CP violating Dirac phase δ in the PMNS matrix. To determine these unknown parameters several terrestrial oscillation experiments are planned like Superbeam [5, 6] , Neutrino factory [7] , Beta beam facilities [8, 9] etc.
In this work we consider neutrino superbeam (which mainly contains ν µ andν µ ) coming from CERN travelling a baseline length of 2300 Km reaches Pyhäsalmi (Finland) where a Liquid Argon detector is placed. We also consider another baseline of 130 Km with a superbeam source at CERN and Water Cherenkov detector placed at Fréjus (France). We do a comparative study in the discovery potentials of the CP violating phase δ for these two baselines in presence of both standard and non-standard interactions. There are some earlier studies for short and long baselines for standard interactions [10] [11] [12] [13] [14] [15] [16] [17] for neutrinos coming from superbeam. Also there are such studies in presence of non-standard interactions [18, 19] before Daya Bay experiment when θ 13 was not so precisely known. Main emphasis of our work is on exploring CP violation due to δ in the light of recent experimental findings of large value of θ 13 and how NSI could affect the discovery reach of such CP violation. This paper is organised as follows: In section II we discuss about NSIs' and their upper bounds. We discuss about the analytical expression (obtained initially in [20] for large θ 13 ) of the probability of oscillation for ν µ → ν e channel in presence of NSIs. We present graphically how NSI effect varies for various baseline lengths L and neutrino energy E. In section III we discuss the experimental setup, systemetic uncertainties and errors in various parameters present in neutrino oscillation in matter. We have also discussd the statistical approach elaborating our simulation method in doing the numerical analysis using GLoBES [21, 22] . In section IV we have presented our results of numerical analysis and have mentioned in each subsections how we have fixed various parameters (test values). We discuss the discovery reaches of CP violation due to δ for various NSIs'. For this analysis we have considered one NSI at a time and also three NSIs' corresponding to specific generation at a time. The off-diagonal NSIs' in NSI matrix could be complex and the corresponding complex phases could be new sources of CP violation. We have discussed how these could affect the discovery reach of CP violation due to δ. Finally in section V we conclude with remarks on NSI effects on CP violation discovery for short and long baselines.
II. NSI AND ITS EFFECT IN NEUTRINO OCILLATION PROBABILITIES FOR DIFFERENT BASELINES
In addition to the Standard Model (SM) Lagrangian density we consider the following non-standard fermion-neutrino interaction in matter defined by the Lagrangian:
where
, f = e, u, d and ε f P αβ is the deviation from SM interactions and can be called as the non-standard interactions(NSIs). A bound can be set to these NSI parameters [18, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] which are dependent on specific models [34, 35] or are also model independent [36, 37] . These NSI parameters can be reduced to the effective parameters and can be written as:
where n f is the fermion number density and n e is the electron number density. These NSIs play significant role in the context of neutrino oscillation experiments and modify the interaction of neutrinos with matter and thus change the oscillation probability of different flavor of neutrinos. The NSIs could be present at the source of neutrinos, during the propagation of neutrinos and also during detection of neutrinos [38] . The NSI effects are expected to be smaller at the source and detector due to their stringent constraints [36, 37] . We shall consider the NSI effect during the propagation of neutrinos only. In section IV in presenting results of our numerical analysis for one NSI at a time we shall follow the constraints as shown in the table I following references [33, 37, 39, 40] . There are some model independent upper bounds of different NSIs as mentioned
NSI

Model dependent
Model indepndent bound on NSI [Reference [37] ] Bound on NSI [Reference [36] ] ε ee > −0.9; < 0.75 [36, 37] which could be large under some specific conditions. Considering recent results from experiments in IceCube-79 and DeepCore more stringent bound on ε µµ , |ε µτ | and ε τ τ have been obtained in [39] . However, the analysis has been done considering two flavor only.
In vacuum, flavor eigenstates ν α may be related to mass eigenstates of neutrinos ν i as
where U is PMNS matrix [41, 42] which depends on three mixing angles θ 12 , θ 23 and θ 13 and one CP violating phase δ. Although two more Majorana phases could be present in U but are not relevant for neurino oscillation experiments. The Hamiltonian due to standard (H SM ) and non-standard interactions (H N SI ) of neutrinos interacting with matter during propagation can be written in the flavor basis as:
In equations (5) and (6)
; α = ∆m 2 21 ∆m 2
31
; ∆m
where m i is the mass of the i-th neutrino and A is considered due to the interaction of neutrinos with matter in SM, G F is the Fermi constant and n e is the electron number density of matter . ε ee , ε eµ , ε eτ , ε µµ , ε µτ and ε τ τ are considered due to the non-standard interaction (NSIs) of neutrinos with matter. In equation (6) , ( * ) denotes complex conjugation. In general, the NSIs -ε eµ , ε eτ and ε µτ could be complex and later in the expressions of probability of oscillation these are expressed as ε ij = |ε ij |e iφij .
A. Oscillation Probability
For understanding qualitatively the NSI effect in finding the discovery reach of CP violation we present below the oscillation probability P νµ→νe . Oscillation channels ν µ → ν e andν µ →ν e are particularly sensitive to CP violation. In our numerical analysis however, we have considered other channels also like ν µ → ν µ andν µ →ν µ . To get the expression for P νµ→νe the sin θ 13 ∼ O( √ α) has been considered which is very near to the best fit value of recent reactor experiments. Considering NSI parameters ε αβ of the order of α one obtains upto order α 2 [20]
where 
where s ij = sin θ ij , c ij = cos θ ij , s 2×ij = sin 2θ ij , c 2×ij = cos 2θ ij .
One can relate the oscillation probabilities for antineutrinos to those probabilities given for neutrinos above by the following relation:
In addition, we also have to replace ε αβ with their complex conjugates, in order to deduce the oscillation probability for the antineutrino, if one considers non-standard interaction during propagation.
For only SM interactions, (i.e ε αβ → 0) in above expressions of oscillation probabilities one finds that for both short and long baseline the δ dependence occurs at order of α 3/2 . However, for large values of A for longer baseline the matter effect is more than short baseline in the δ independent part of the oscillation probability. For this reason the discovery reach of CP violation is better in short baseline than that in long baseline. However, when NSIs are also taken into account one can see that for longer baseline further δ dependence in P νµ→νe could occur at the order of α 3/2 through a 3 containing terms in (8) for NSIs of the order of α. We have checked that for slightly higher NSIs of the order of √ α using perturbation method the same δ dependent terms in P νµ→νe appears with a 3 in the oscillation probability for long baseline as given in (8) and this slightly higher NSI makes these terms at the order of α which could compete with the δ independent but matter dependent part in P νµ→νe for long baseline as that is also at the order of α. This improvement of δ dependent part over independent part for long baseline does not happen for short baseline as a 3 is small for short baseline due to small value of A. So presence of NSIs in a 3 improves the discovery reach of CP violation for longer baseline in comparison to the short baseline. As a 3 contains NSIs like ε eµ and ε eτ it is expected that in presence of these NSIs the long baseline could provide a better discovery reach for CP violation. However, as the upper bound of ε eµ is somewhat smaller one may expect ε eτ will have significant effect in the discovery reach of CP violation. In fact, our numerical analysis also shows this feature. Effect of other NSI's appearing through other a i in the expression of oscillation probability are not coupled to δ dependent term in the oscillation probability expression and as such in general it is expected that their effect will be lesser in the CP violation discovery search. 100. To show the NSI effect ∆ p in the oscillation channel ν µ → ν e at different baseline length L and different neutrino energy E we define it as ∆ p = |P figure 1 for ε ee = 0.75 the NSI effect ∆ p is found to be strong particularly for baselines from 3500 Km to 5000 Km and energy in the range of 3 to 5 GeV for both δ values. For ε eτ = 0.25 the NSI effect ∆ p is found to be strongest particularly for baselines from 2000 Km to 5000 Km and energy in the range of 1.5 to 10 GeV for both δ values. In figure 2 for ε µµ = 0.08 it is found to be strongest particularly for baselines from 4000 Km to 5000 Km and energy in the range of 6 to 10 GeV for both δ values and the effect is relatively lesser than the earlier mentioned two NSIs'. For ε τ τ = 0.4 the NSI effect ∆ p is found to be strongest particularly for baselines around 5000 Km and energy in the range of 5 to 6 GeV for both δ values. In figure 3 for ε eµ = 3.8 × 10 −4 the NSI effect ∆ p is found to be not so strong and even lesser than ε µµ case. For ε µτ = 0.25 the NSI effect ∆ p is found to be slightly stronger in comparison to ε eµ particularly for baselines from 1700 Km to 5000 Km and energy in the range of 0.5 to 1.5 GeV and 3 to 6.5 GeV for both δ values. For the baselines which we have chosen for studying discovery reach of CP violation the one with 2300 Km has in general medium NSI effect and the one with 130 Km has very small NSI effect.
1000.
Energy GeV Baselines km
III. EXPERIMENTAL SETUP, SYSTEMETIC UNCERTAINTIES AND ERRORS OF VARIOUS PARAMETERS
In this work for the numerical simulation we consider two set-ups: (a) A Superbeam setup which originates in CERN and reaches a 100 kt Liquid Argon detector placed at a distance of 2300 Km at Pyhäsalmi (Finland) (b) A Superbeam setup originating in CERN and reaching a 500 Kt Water Cherenkov detector [43] For both the set-ups following ref [44] we consider the true values of the neutrino oscillation parameters as shown in table II and have taken into account the errors in the statistical analysis. For earth matter density the PREM profile [45] has been considered. Also we have considered an error of 2% on matter density profile.
The flux considered for set-up (a) has mean energy ∼ 5 GeV, which are computed for 50 GeV protons and 3.10 21 protons on target per year. For our analysis the beam power has been considered of about 0.8 MW per year and the time period has been taken to be 5 years each for neutrinos and anti-neutrinos. We consider the same flux as in [12] . The detector characteristics for set-up (a) is given in table III [46] . The correlation between the visible energy of background NC events and the neutrino energy is implemented by migration matrices which has been provided by L. Whitehead [47] . The flux considered for set-up (b) has mean energy ∼ 0.3 GeV, which are computed for 3.5 GeV protons and 10 23 protons on target per year. For our analysis the beam power has been considered of about 4 MW per year and the time period has been taken to be 2 years for neutrinos and 4 years for anti-neutrinos. We consider the same flux as in [6, 48] . In the case of set-up(b) the efficiencies for the signal and background are included in the migration matrices based on [43] except for the channels ν µ disappearance,ν µ disappearance and ν µ (NC) which are 64%, 81% and 11.7% efficiencies respectively. We have considered systematic uncertainties of 2% on signal and background channels. Km respectively. Except for NSIs' ε µτ , ε eµ and ε τ τ for other NSIs' the expected number of events for ν µ → ν e oscillation channel are found to be more than the number of events for no NSIs'. Particularly for ε eτ there is significant increase in the number of events with respect to no NSI case. This matches with our discussion in section II.
Signal Studies
In doing the whole analysis we have used GLoBES software [21, 22] and for taking into account NSIs' we have followed the method described in [22] and modified the source file "probability.c" in GLoBES appropriately and inserted the NSI's in the subroutine where the hamiltonian for matter interaction is defined. Then we have included the new probability program as instructed by the manual of GLoBES.
In performing the χ 2 analysis the observable channels that we have considered in the χ 2 analysis are ν µ → ν e ,ν µ →ν e , ν µ → ν µ andν µ →ν µ . We have considered a Poissonian χ 2 with priors over the parameters θ 12 , θ 13 , θ 23 , δ CP , ∆m 
IV. RESULTS
In this work we have done a comparative study for the two experimental set-ups (a) and (b) in finding the discovery reach of the CP violation due to only Dirac phase δ in PMNS matrix and also due to this Dirac phase as well as one of the NSI phases (corresponding three NSIs' in the off-diagonal elements of NSI matrix) for both hierarchies.
A. Discovery reach of CP violation due to δ for real NSIs'
To compare with the CP violation discovery reach in presence of NSI with that in absence of NSIs' we present below the earlier known results on CP violation discovery reach for SM interactions of neutrinos with matter. We have fixed δ test to 0 and π and have marginalized over hierarchy for every δ true value. In figure 4 we have shown the ∆χ 2 values versus δ(true) for SM interactions of neutrinos with matter from which the discovery reach can be obtained at different confidence levels. Particularly at 3σ confidence level for 130 Km baseline the CP violation could be discovered around δ CP fraction of 0.59 of the possible δ values for both normal and inverted hierarchy (true value) whereas for 2300 Km baseline these values are about 0.37 for normal hierarchy and 0.35 for inverted hierarchy. Here we define δ CP fraction as the fraction of the total alowed range (0 to 2π) for the CP violating phase over which CP violation can be discovered. So for longer baseline for normal hierarchy the discovery reach is better than the inverted hierarchy. The discovery reach for longer baseline of 2300 Km was shown earlier by Coloma et al [12] . So with only SM the short baseline like 130 Km seems to be better for good discovery reach of CP violation. This was observed earlier by different authors [13] [14] [15] [16] [17] . However, the short baseline may not be always better in presence of NSI which we discuss below. For finding the discovery reach of CP violation due to δ in presence of NSIs' we have fixed δ test to 0 and π and have marginalized over hierarchy like the earlier case. We have considered same value for NSI test and NSI true while varying them. We have varied the value of NSIs' in the range of 10 −4 to the upper bound of respective NSIs' provided by the Model independent bounds given in Table I . At 3σ confidence level, we show the δ CP fraction for different NSI values. We have considered one NSI at a time. In figure 5 we have compared the discovery reach of CP violation for 130 Km baseline and 2300 Km baseline in presence of NSIs -ε ee , ε eµ and ε eτ for both the hierarchies. For ε ee in the range as mentioned above for 130 Km baseline seems to give a better discovery reach of CP fraction for both the hierarchies. However, for 2300 Km baseline the CP fraction starts dropping for ε ee 0.2 for NH and 0.1 for IH. For ε eµ , 130 Km baseline has better discovery reach for both the neutrino mass hierarchies upto about ε eµ 0.15 for NH and 0.25 for IH and for 2300 Km baseline it has better discovery reach for both the neutrino mass hierarchies for
ε eτ 3, for IH. For 2300 Km baseline is better in the range 0.03 ε eτ 3.0 for NH and 0.02 ε eτ 3, for IH. For NSI of the order of 10 −4 there is almost negligible effect on the CP violation discovery reach and the CP fractions correspond to almost that for SM value. One may note that in the expression of oscillation probability (following perturbation method) in presence of particularly two NSIs' ε eµ and ε eτ more δ dependent terms appear. This could be the reason for better discovery reach of CP violation in presence of these two NSIs' in comparison to the case of only SM as seen in the figures. In figure 6 we have compared the discovery reach of CP violation for 130 Km baseline and 2300 Km baseline in presence of NSIs -ε µµ , ε µτ and ε τ τ . Here we see for the entire allowed range of these NSI parameters there is better discovery reach for 130 Km baseline. For ε µτ for 130 Km baseline there is no significant deviation of δ CP fraction from its' SM value. However, for 2300 Km baseline this fraction starts decreasing from its' SM value above around 0.004 for NH and above around 0.1 for IH. For ε τ τ for 130 Km baseline this fraction starts deviating from its' SM value above around 9.0 for NH and above around 10.0 for IH. For 2300 Km baseline this fraction starts deviating from its' SM value above around 0.2 for NH and above around 0.01 for IH. One may note that the effect of the NSI -ε eµ , ε µµ , ε µτ and ε τ τ on the CP violation discovery is negligible due to their relatively smaller values. The straight line in the figures 5 and 6 corresponding to those NSIs' indicates this negligible effect. Particularly for the stringent bound of ε µµ the CP fraction almost correspond to that for only SM case except for the higher value of this NSI around 0.25 for longer baseline with normal hierarchy there is departure from SM value.
Next, in figure 7 we consider each generation separately which corresponds to three NSIs' at a time. We consider the same values for all three such NSIs' and consider their uppermost value satisfying their individual upper bounds. In this case we have fixed δ test to 0 and π and have marginalized over hierarchy.
For three NSIs' corresponding to each generation we have considered same test and true values for all three NSIs'. For ε eα for 130 Km baseline this fraction starts deviating from its' SM value above around 0.25 for NH and for IH it is around SM value. For 2300 Km baseline this fraction starts deviating from its' SM value above around 0.015 for NH and above around 0.006 for IH. For ε µα for 130 Km baseline this fraction remains around SM value over the considered range for both hierarchies. For 2300 Km baseline this fraction starts deviating from its' SM value above around 0.005 for NH and above around 0.008 for IH. For ε τ α for 130 Km baseline this fraction remains around SM value over the considered range for both hierarchies. For 2300 Km baseline this fraction starts deviating from its' SM value above around 0.5 for NH and above around 0.01 for IH.
B. Discovery reach of CP violation due to both δ and complex NSI phases Here we show the contours showing discovery reach of CP violation due to both δ and complex NSI phases for both the baselines 130 Km and 2300 Km baselines. The off-diagonal elements in the NSI matrix -ε eµ , ε eτ and ε µτ could be complex whereas other NSIs' are real. figure 8 we have shown the allowed discovery region in the plane of Dirac phase δ and one of the three NSI phases (true) to show the discovery reach of total CP violation due to both δ and one of the NSI phases. In these plots the unshaded regions corresponds to the total discovery reach of CP violation. For δ = 0, π, 2π and the NSI phases also having those values obviously one can not get CP violation discovery. Corresponding to δ values very near to δ = π with NSI phases having one of those CP conserving values, sometimes the region for which CP violation can not be discovered, is too small to be seen in the figures. For NSI phase φ eµ there are some values of it for which CP violation discovery reach is not possible for any value of δ. For longer and shorter baseline as the pattern is similar for no observation of CP violation for any δ values so this problem may not be solved by considering combination of two baselines with one shorter and another longer baseline. For 130 Km baseline these values are from 0 to 3π/16; 13π/16 to 19π/16 and 29π/16 to 2π. For 2300 Km baseline these values are from 0 to 5π/16; 23π/32 to 4π/3 and 55π/32 to 2π. This feature is due to highly stringent constraint on |ε eµ | which is somewhat smaller than other NSIs'. For further smaller values of |ε eµ | the possible discovery region will be further reduced. However, unlike φ eµ for φ eτ there is better discovery reach for longer baseline almost covering the entire region. One may note here that even for real |ε eτ | there is better discovery reach of δ CP fraction for higher value of this NSI as can bee seen in figure 5.
V. CONCLUSION
We have studied the possible CP violation discovery reach due to Dirac phase δ in the leptonic sector through neutrino oscillation experiments with superbeam as neutrino source. To study the CP violation discovery reach in presence of NSIs' we have considered two experimental set-ups -one with a long baseline of 2300 Km directed towards a 100 Kt Liquid argon detector and the other with a relatively shorter baseline of 130 Km directed towards a 500 Kt Water Cherenkov detector and have considered central values of θ 13 with errors as shown in table II coming from recent reactor experiments for our analysis.
In figures 1, 2, 3 we have shown the NSI effect ∆ p in the particular oscillation channel ν µ → ν e (which is the most important channel for CP violation discovery) for different baseline length L and different neutrino energy E. It is found that oscillation probability P νµ→νe changes significantly in presence of NSI ε eµ and ε eτ in comparison to other NSIs for longer baselines and higher energies. It is known that in presence of SM interactions of neutrinos with matter the shorter baseline can give better discovery reach for CP violation [13] [14] [15] [16] [17] . However, as we have shown that in presence of NSI this may not be always true. Particularly, for NSIs' ε eµ and ε eτ (considering real) the CP violation discovery reach could be better than that for SM case for longer baseline like 2300 Km at above some values of NSI as shown in figures 5. Considering presence of three NSIs' at a time with their same values corresponding to a particular generation we find the similar observations for all three cases as shown in 7. But is is very important to note here that this better discovery reach in presence of NSI is only possible provided that NSI has already been discovered. If NSI is not discovered then the shorter baseline is preferred for CP violation discovery to reduce the effect of real NSI.
NSIs' -ε eµ , ε eτ and ε µτ could be complex. We have considered the corresponding phases φ eµ , φ eτ and φ µτ respectively in the analysis of the discovery reach of total CP violation. The CP violation discovery region has been shown in the φ ij − δ plane in figure 8 . In presence of φ eµ the shorter baseline is found to be better for total CP violation discovery reach. But for φ eτ the longer baseline is consistently better. However, for φ µτ with its certain combinations with Dirac phase δ sometimes shorter and sometimes longer baseline seems to be better. Due to this feature particularly for total CP violation discovery reach in presence of NSI phase φ µτ the combination of two baselines might give better discovery reach. One may note here for complex NSI even if |NSI| is known still there could be some values of NSI phases for NSI ε eµ as seen in figure 8 for which neither the CP violation nor any values of δ could be discovered. Even for lesser NSI values than that considered in the figures, this kind of feature is expected. So in presence of NSI it could turn out that non-observation of CP violation might not imply the absence of Dirac phase δ which could have been observable in presence of SM interactions only for neutrinos with matter.
In this paper we have not discussed about the discovery reach of NSI as based on our discussion in section III the two experimental set-up which we have chosen are not really optimized for doing such analysis. NSI effects are found to be more in further longer baselines as shown in figures 1, 2 and 3 which we have not considered in this work. Considering the possibility of the presence of NSIs in nature it seems sometimes combination of both short and long baseline might improve the CP violation discovery reach in the leptonic sector through neutrino oscillation experiment with superbeam facility but this strategy may not work for complex ε eµ .
